Immunotherapy using autologous T cells has emerged to be a powerful treatment option for patients with metastatic melanoma. These include the adoptive transfer of autologous tumor-infiltrating lymphocytes (TILs), T cells transduced with high-affinity T cell receptors against major tumor antigens, and T cells transduced with chimeric antigen receptors composed of hybrid immunoglobulin light chains with endodomains of T-cell signaling molecules. Among these and other options for T-cell therapy, TILs together with high-dose interleukin 2 have had the longest clinical history with multiple clinical trials in centers across the world consistently demonstrating durable clinical response rates near 50% or more. A distinct advantage of TIL therapy making it still the T-cell therapy of choice is the broad nature of the T-cell recognition against both defined and undefined tumors antigens against all possible major histocompatibility complex, rather than the single specificity and limited major histocompatibility complex coverage of the newer T cell receptors and chimeric antigen receptor transduction technologies. In the past decade, significant inroads have been made in defining the phenotypes of T cells in TIL-mediating tumor regression. CD8+ T cells are emerging to be critical, although the exact subset of CD8+ T cells exhibiting the highest clinical activity in terms of memory and effector markers is still controversial. We present a model in which both effectormemory and more differentiated effector T cells ultimately may need to cooperate to mediate long-term tumor control in responding patients. Although TIL therapy has shown great potential to treat metastatic melanoma, a number of issues have emerged that need to be addressed to bring it more into the mainstream of melanoma care. First, we have a reached the point where a pivotal phase II or phase III trial is needed in an attempt to gain regulatory approval of TILs as standard of care. Second, improvements in how we expand TILs for therapy are needed that minimize the time the T cells are in culture and improve the memory and effector characteristics of the T cells for longer persistence and enhanced anti-tumor activity in vivo. Third, there is a critical need to identify surrogate and predictive biomarkers to better select suitable patients for TIL therapy to improve response rate and duration. Overall, the outlook for TIL therapy for melanoma is very bright. We predict that TILs will indeed emerge to become an approved treatment in the upcoming years through pivotal clinical trials. Moreover, new approaches combining TILs with targeted signaling pathway drugs, such as mutant B-RAF inhibitors, and synergistic immunomodulatory interventions enhancing T-cell costimulation and preventing negative regulation should further increase therapeutic efficacy and durable complete response rates.
B oth passive and active immunotherapies for melanoma have come a long way from being a dream of academicians a few decades ago to real proven clinical successes. In fact, the tables are turning with immunotherapy emerging to be one of the most powerful approaches to treat metastatic melanoma, as evidenced by the recent Food and Drug Administration (FDA) approval of the human monocloncal antibody antiYCTLA-4 (ipilimumab) as a single-agent therapy for stage IV disease. 1, 2 AntiYCTLA-4 interrupts engagement of a key inhibitory signaling pathway or checkpoint during T-cell activation and ''takes the brakes off '' of T cells, resulting in enhanced proliferation and effector activity against a large array of autoantigens, including tumor antigens. 3, 4 In addition to antiYCTLA-4, a number of other immunotherapy approaches have been steadily developed and improved over the last few decades with incremental successes. These include interleukin 2 (IL-2) therapy, 5 peptide vaccines together with IL-2, 6 and adoptive T-cell therapy (ACT) using autologous expanded tumor-infiltrating lymphocytes (TILs). 7Y9 In addition, other monoclonal antibody therapies further activating anti-tumor T cell and natural killer (NK) cell activity using blocking antibodies to inhibitory signaling receptors (eg, programmed death 1 [PD-1]) or activating costimulatory receptors (eg, CD137/4-1BB) are also being tested now in the clinic with some success. 10, 11 Moreover, rational combinations of these immunotherapies with chemotherapies 12 and targeted therapies against the mitogen-activated protein kinase pathway 13, 14, 15 are now making an entry into the clinic. These are capitalizing on the newfound mechanisms of chemotherapies and targeted therapies in facilitating immune responses by activating innate immunity (eg, ''immunogenic chemotherapy'') 12, 16, 17 or affecting the expression of immunoregulatory factors in the tumor microenvironment.
To date, one of the most powerful immunotherapies against metastatic melanoma has been ACT using autologous ex vivoY expanded TILs adoptively transferred back into patients. Adoptive transfer of TILs for the treatment of human metastatic melanoma was initially described in 1988 18 and has since yielded dramatic results since these early days with greater than 50% clinical responses, many of which are lasting for years in recent clinical trials. 7Y9,19,20 More recently, other forms of ACT using gene modified T cells are now being developed and tested clinically. These include T cells propagated from peripheral blood mononuclear cells (PBMCs) expressing cloned recombinant T cell receptor (TCR) >A chains recognizing epitopes from shared tumor associated antigens (TAAs), 21, 22 or expressing chimeric antigen receptors (CARs) composed of immunoglobulin variable regions recognizing tumor antigens fused to signaling domains of the TCR X chain and costimulatory molecules, such as CD28 and CD137/4-1BB. 23, 24 The pace of research in autologous T cellYbased therapies for melanoma has increased dramatically over the last decade with new target antigens and increased numbers of clinical trials testing both TILs and TCR-or CAR-transduced T cells.
Here, we provide an overview of the different forms of autologous T-cell therapies being developed for melanoma. We then focus in detail on TIL adoptive cell therapy and its increasing clinical success, as well as critical outstanding biological and clinical issues that need to be resolved so that it can be adopted as a mainstream treatment option for melanoma. We also discuss the issue of surrogate and predictive biomarkers for TIL immunotherapy and what possible approaches can be taken to select patients for TIL therapy. Lastly, we briefly discuss the future of TIL therapy and new synergistic approaches with targeted therapeutic agents (eg, kinase inhibitors) and immunomodulatory drugs as well as gene transduction of the T cells to improve response rates.
OVERVIEW OF DIFFERENT FORMS OF T CELLYBASED THERAPIES FOR MELANOMA
A number of different strategies have been used to propagate TAA-specific T cells either from patient-derived PBMCs or by transduction of activated peripheral blood T cells with TAA-reactive TCR genes or CARs specific for melanoma cell surface antigens. Table 1 summarizes these different forms of ACT that are being investigated for melanoma, a brief description of the method, the antigens targeted, and the status of clinical development. The first form of therapy that has been most extensively studied both preclinically and in clinical trials are autologous TILs expanded ex vivo from tumor fragments or single cell enzymatic digests of melanoma metastases. 37, 38 Tumorinfiltrating lymphocyte therapy capitalizes on the polyclonal nature of the T-cell infiltrates in melanomas and the recognition of multiple TAAs, some of which are shared melanoma/ melanocyte differentiation antigens, such as gp100, MART-1, TRP-2, tyrosinase, and NY-ESO-1, as well as reactivities against a host of unknown antigens. In fact, recent data on screening for TAA specificities of CD8+ T cells in TILs using peptide-loaded human leukocyte antigen (HLA) multimers 39 have found that only a minority of TILs respond against defined melanoma/ melanocyte differentiation antigens, whereas the vast majority of the CD8+ T cells (990% of TILs) seem too specific against hitherto unknown antigens, presumably epitopes from mutated self proteins (eg, mutated signaling and housekeeping genes) that would not be subject to central tolerance during T-cell differentiation. 40 This is a key benefit of TIL therapy over other forms of ACT. Below, we will describe in more detail the TIL therapy protocol and current issues and improvements in TIL therapy being developed. Here, we describe the other forms of melanoma ACT shown in Table 1 that have been largely developed as alternatives to TIL therapy, mainly to address situations where access to TILs is not possible (eg, no resectable tumor 
Activation and Expansion of Antigen-Specific T Cells From PBMCs
The first alternative strategy that has been investigated is to expand TAA-specific CD8+ and/or CD4+ T-cell clones or polyclonal T cells in vitro by multiple antigenic stimulation of autologous PBMCs. A number of phases I and II clinical trials with CD8+ and CD4+ T cells and clones specific for MART-1 and gp100 have been completed. However, in all cases, only modest results have been obtained with typically low response rates (G10%), many of which are mixed responses, and only anecdotal observations of durable remissions are a few select patients. 29Y31 For example, an interesting study reported long-term ongoing response in refractory metastatic in 1 melanoma patient following ACT of NY-ESO-1Yspecific CD4+ T-cell clones. 30 Although the CD4+ T-cell clone did not persist in vivo, an anti-tumor response directed against TAAs other than NY-ESO-1 mediated by endogenous CD8+ T cells was found in this patient, which may be attributed to the release of other TAAs (called antigen spreading) after limited destruction of tumor deposits or provision of cytokines to endogenously activated CD8+ T cells, by the infused CD4+ T cells. Unfortunately, the other 8 patients of this cohort did not respond to treatment. 30 Recently, a phase I/II clinical trial infusion polyclonal tumor-specific CD4+ and CD8+ T cells generated in vitro with repeat stimulation of irradiated autologous tumor cells has reported 1 complete regression, 1 partial response, and 3 patients with stable disease out of 10 patients. 31 Despite some promising results, the expansion of TAA-specific T cells from largely naive PBMC populations is a time-consuming and labor-intensive process. Another major drawback is that generally only low antigenspecific T-cell frequencies (e5%) can be generated after multiple rounds of stimulation and expansion. Many of these cells are also of low avidity. Moreover, the multiple rounds of T-cell stimulation to reach antigen-specific T-cell frequencies high enough to be of any therapeutic benefit lead to T-cell differentiation and loss of memory characteristics needed for long-term persistence in vivo. However, recently, a newer approach to generate melanoma antigen-specific T cells for adoptive transfer through multiple stimulation of patient-derived PBMCs using artificial antigen-presenting cells (aAPCs) expressing HLA-A0201 and costimulatory molecules and membrane-bound cytokines may improve upon these limitations. Here, the K562 erythroleukemia cell line has been adopted as an aAPC because of its lack of HLA-A and HLA-B expression, while retaining antigen processing and presentation machinery. 41 Using K562 aAPCs expressing HLA-A0201 and a blend of costimulatory molecules (CD54, CD58, CD80, CD86, CD83) MART-1 peptide-specific CD8+ T cells has been expanded from PBMCs using IL-2 and IL-15. A subpopulation of these cells had a central memory T-cell phenotype and could persist for 4 months or more. Although no clinical response was found after T-cell infusion, subsequent treatment with antiYCTLA-4 antibody (ipilimumab) in some of these patients leads to partial responses in 3 of 5 of the antibody-treated patients. 32 This represents a new paradigm in T-cell therapy for melanoma where patients receive an infusion of T cells enriched for TAA specificity, which can recirculate and persist for long periods and can be then further activated in vivo against the tumors by immunomodulatory cotherapies, such as antiYCTLA-4. This ''boosting'' effect can lead to more consistent clinical responses. Another benefit of this approach is that patients do not need to be lymphodepleted before T-cell infusion as with TIL therapy. 32, 42 
Transduction of T Cells With TAA-Specific TCR Genes
Generation of autologous T cells modified to express exogenous TAA-specific TCR presents a lot of advantages. As mentioned before, TILs are not always accessible and do not always expand to sufficient numbers from tumor samples (at least 5Y10 billion cells) needed for therapy. On the opposite side, engineering T lymphocytes isolated from peripheral blood by transduction with a retrovirus encoding for TCR can give rapid access to a great number of TAA-specific cells for transfer. The first clinical trial, however, used an HLA-A0201Yrestricted MART-1 specific TCR with lower affinity, isolated from a patient who received successful TIL ACT, which had a clinical response rate of only of 13%. 21 However, this was succeeded by a second trial using a higher-affinity MART-1 TCR, which led to a more impressive 30% clinical response rate, with many patients experiencing autoimmune vitiligo and other autoimmune complications. 33 T cell receptor transduction has also been used to target NY-ESO-1 in a recent clinical trial in which 5 of 11 melanoma patients showed objective melanoma regression, with 2 complete responses. 34 Since these initial clinical trials, additional TCR receptors restricted to HLA-A0201 recognizing epitopes from other tumor antigens in melanoma have been isolated and cloned, including TCRs directed against gp100 and p53, but clinical responses are yet to be completed. 43 Although TCR engineering and ACT with TCR-transduced T cells is a promising approach, it has a number of limitations in comparison with TILs. First, the TCR recognizes a specific peptide presented by only specific major histocompatibility complex (MHC) class I molecule, and at present, only HLA-A0201 has been targeted. This limits the therapy to only about 30% to 35% of melanoma patients who express at least 1 HLA-A0201 allele. Others are in the pipeline but require identification of new epitopes restricted by other less prevalent HLA-A subtypes in the human population. Second, transfer of modified T cells recognizing only 1 specific TAA opens the door to immunoselection and tumor escape by antigen loss. In addition, there are concerns about bystander autoimmune manifestations with the high-affinity TCRs in these transduced T cells because of the expression of many shared TAAs on normal cells; although these are expressed at lower levels on normal cells, the high affinity of the TCRs can facilitate significant binding to low-abundance epitopes on these cells. 44 Finally, although it was reported only in animals, mispairing of new TCR > and A chains with endogenous TCR chains can occur, leading to completely unknown new specificities, some of which may be reactive against nontumor self-antigens. 44 To avoid these and the other shortcomings of TCR transduction technology and the issue of complication MHC restriction, some research has begun to focus on gene modification of T cells for expression of CARs recognizing tumor-specific or tumor-associated cell surface proteins.
CAR Technology
The first generation of CAR consisted of a junction between the heavy and light chain of a monoclonal antibody with variable domains, combined with transmembrane and cytoplasmic tail of the X chain of the CD3 complex. Engineering of T cells with such construct was aimed to avoid MHC restriction and tumor evasion because of MHC down-regulation. This first generation led to poor proliferation of T cells, with triggering of X chain signaling alone being insufficient to activate the cells. 45, 46 These observations led to the addition of the endodomain of the CD28 T-cell costimulatory molecule to CAR constructs along with the X chain to mimic the 2-signal model of T-cell activation. 47, 48 Addition of other costimulatory molecule endodomain molecules from CD134 (OX40) and CD137 (4-1BB) to the CAR constructs combined have CD28 further improved T-cell activation. 49 Although clinical trials in hematologic cancer such as advance leukemia and lymphoma lately have produced promising results regarding anti-tumor potential and persistence, 23, 50 adoptive transfer of CAR-modified T cells for melanoma is still in preclinical stages of development. Some of the targets of CAR-transduced T cells for melanoma therapy include the gangliosides GD2 and GD3 overexpressed in 50% to 80% of metastatic melanomas and the proteoglycan MCSP-1 (HMW-MAA) that is specifically expressed in greater than 90% of melanomas. 35,51Y53 In mouse models, a second-generation CAR directed against GD2 combined with CD28 and CD134 endodomains has significantly improved survival of mice following transfer, 24 and a study using anti-GD3 CAR combined with CD28 has led to a complete response in 50% of mice with established melanoma tumors. 35 Interleukin 2 administration was critical in both cases. Recently, a clinical-grade CAR directed against MCSP-1 has been generated and tested in vitro and should soon be tested in a clinical trial. 36 Data on clinical trials of adoptive transfer of CAR-transduced T cells in melanoma are on the horizon, and it will be exciting to see how they perform in the clinic and whether any unexpected toxicities arise.
OVERVIEW OF CURRENT TIL THERAPY PROTOCOL FOR MELANOMA AND RECENT CLINICAL TRIALS
The steps in TIL expansion and treatment are summarized in Figure 1 . Expansion of TILs ex vivo for ACT is done in 2 stages. The first stage involves the initial expansion of TILs from the tumor fragments or digested tumor cell suspensions over a 5-week period in culture medium with IL-2. 54Y56 Medium exchanges with fresh IL-2 are performed regularly to ensure continued T-cell division and survival during this time. This first stage yields a product (''preYrapid expansion protocol'' [pre-REP] TILs) that is then used to generate a final TIL infusion product following an REP. 54, 57 These pre-REP TILs can be cryopreserved at this stage in the process for later secondary expansion in the REP and patient treatment or can be used immediately. The REP involves activating the TILs through the CD3 complex using anti-CD3 monoclonal antibody in the presence of a 200 : 1 ratio of irradiated (5000 cGy) PBMC feeder cells obtained from the patient (autologous feeders) or more often from normal healthy donors (allogeneic feeders). Two days after initiation of the REP, 6000 U/mL IL-2 (final concentration) is added to drive rapid cell division in the activated TILs. 54, 58, 59 The TILs are then expanded for another 12 days and diluted as needed with 1:1 culture medium with more IL-2. 54, 58, 59 A typical REP results in 1000-to 2000-fold expansion of TILs during the 14-day culture period. The TILs are harvested, concentrated, and infused intravenously into the patient followed by further treatment with high-dose IL-2 to drive further TIL survival and expansion in vivo. 54, 58, 59 Before infusing the TILs back into the patient, the patient is lymphodepleted using a cocktail of drugs to deplete all T and B cells. Interleukin 2 is systemically administered to help support the transferred TILs following lymphodepletion and TIL infusion. 5, 60, 61 Treatment with IL-2 after TIL infusion supports the FIGURE 1. Schematic representation of the process of TIL expansion and TIL therapy for metastatic melanoma starting from tumor fragments. Suitable tumors from eligible stage IIIc-IV patients undergo a resection and are taken to the laboratory under sterile conditions where tumors are cut up into small 3-to 5-mm 2 fragments and placed in culture plates or small culture flasks with growth medium and high-dose (HD) IL-2. The TILs are initially expanded for 3 to 5 weeks during this pre-REP phase to at least 50 Â 10 6 cells. The cells are then subjected to a REP over 2 weeks by stimulating the T cells using anti-CD3 in the presence of PBMC feeders cells and IL-2. The expanded TILs (now billions of cells) are washed, pooled, and infused into the patient followed by 1 or 2 cycles of HD IL-2 therapy. Before TIL transfer, the patient is treated with a preparative regimen using cyclophosphamide (Cy) and fludarabine (Flu) that transiently depletes host lymphocytes, ''making room'' for the infused TILs and removing cytokine sinks and regulatory T cells to facilitate TIL persistence.
persistence of the infused TILs in vivo, which is then critical for the short-term survival of the TILs and inducing tumor regression. 62Y64 A critical aspect that has greatly contributed to the success of ACT using autologous TILs is the ability to lymphodeplete the host before infusing the T cells. Metastatic melanoma patients were initially treated with TILs and IL-2 without lymphodepletion, resulting in a response rate of 39%. 8, 25, 65, 66 However, a series of seminal phase II clinical trials in humans conducted by Dudley et al 8 at the National Cancer Institute (NCI, Bethesda, MD) in 2002 utilized a preparative lymphodepleting chemotherapy regimen using cyclophosphamide and fludarabine in melanoma patients before infusing the TILs and IL-2, resulting in an unprecedented 50% response rate. 8, 25, 65, 67, 68 Lymphodepletion before TIL infusion resulted in improved TIL persistence and elimination of lymphocytes that could compete with the infused TILs for homeostatic cytokines, such as IL-7 and IL-15. 8, 25, 65, 67, 68 Lymphodepletion also eliminates endogenous CD4+ Foxp3+ T regulatory cells that can inhibit effector T-cell function and the continued proliferation of infused TILs in vivo after adoptive transfer. 69Y71 Although utilizing lymphodepletion with cyclophosphamide and fludarabine for melanoma patients treated with ACT and TILs has resulted in impressive clinical responses, an issue that may occur is de novo T-cell recovery, particularly the reappearance of T regulatory cells after lymphodepletion that could interfere with anti-tumor activity of the transferred TILs. To address this, total-body irradiation (TBI) plus cyclophosphamide and fludarabine lymphodepletion has been tested. 20, 25 Two TBI plus chemotherapy preparative regimens for TILs have been tested in the clinic at the NCI: one involving TBI of 2 Gy and the other using a more intensive TBI of 12 Gy. 8, 20, 25, 59, 72 The results demonstrated a significant enhancement of objective clinical response rate to 72% with the 12-Gy TBI plus chemotherapy preparative regimen together with a striking 40% rate of complete response. 8, 20, 25, 59, 72 Recently, the NCI group summarized its 10-year experience with phase II TIL therapy trials using different preparative regimens. Overall, these clinical trials have achieved a response rate of 51% and 13% rate of durable and complete regression continuing past 5 years. 20, 37 These positive results have spawned a number of additional centers to develop TIL therapy programs. Different clinical centers are now utilizing TIL therapy to treat metastatic melanoma patients and exhibiting promising results. At MD Anderson Cancer Center (Houston, TX), we are currently conducting a phase II trial of TIL therapy in metastatic melanoma patients who have failed first-line and second-line therapies. 9 We have treated more than 40 patients and have also achieved a 47% overall response rate. 9 These responses have been durable, with the majority of responding patients having relapse-free survival over 12 months. The Sheba Cancer Center (Jerusalem, Israel) has demonstrated an overall response rate of 50% using TIL therapy in their clinical trials. 7, 73 Overall, these impressive response rates have demonstrated that TIL therapy is a very powerful regimen to treat metastatic melanoma patients. (This conclusion does not consider a recent TIL adoptive cell therapy clinical trial by a group in Uppsala, Sweden, reporting only a 21% clinical response rate. 74 This group treated 24 patients with relatively few TILs [median of 5.4 Â 10 6 cells] below the range considered to be clinically active [910 Â 10 9 ]. 9, 73 Moreover, they used low-dose IL-2 therapy following TIL infusion rather than high-dose IL-2. 74 Nevertheless, under the circumstances, a 21% clinical response rate is promising, considering this attenuated regimen). The next step for TIL therapy for melanoma would be to conduct a randomized phase III trial and finally seek FDA approval as licensed standard-of-care therapy in select patients.
One critical point to make at this point is that all TIL adoptive cell therapy clinical trials performed up until this point have not been based on an ''intent-to-treat''scenario in which all patients who undergo tumor resection for TIL growth are considered in determining overall response rates, regardless of whether TIL expansion is successful or not. So far, only patients actually receiving TIL therapy have been counted. This has been an acceptable approach; however, some oncologists are still asking for an evaluation of the efficacy of TIL therapy in melanoma using an intent-to-treat scenario based on TIL expansion success rates being factored into the analysis. This sounds reasonable, but on closer analysis, it is not straightforward and may in fact yield erroneous interpretations because of a number of factors. The main issue is how we define what successful TIL expansion is in the first place.
A survey of different centers that have expanded TILs both preclinically and for clinical applications has found that different criteria have been used to decide what defines a successful pre-REP growth phase ( Fig. 1 ) for taking the process to the fullscale cell expansion in the REP for patient therapy. 9, 26, 73, 75, 76 Although the exact cutoffs have varied, in most cases at least 50 Â 10 6 cells are needed after the pre-REP stage to initiate a sufficient number of cultures for the REP stage to yield a final cell number in the range of 10 to 150 billion for infusion. Using this criterion, the historical overall success rates for initial TIL expansion from cultured tumor fragments have been between 60% and 70%. 8, 54, 75 We have used this 50 Â 10 6 minimal cell threshold as well in the TIL therapy trials at MD Anderson Cancer Center to make a positive decision to proceed with further large-scale TIL expansion using the REP for each patient. 9 We recently reported a pre-REP TIL expansion rate of 63% using this cutoff. 77 Tumor-infiltrating lymphocyte expansion methods have improved in the past few years, and success rates for initial TIL outgrowth from tumor fragments have improved recently to greater than 75%. In addition, as discussed later on, newer methods to initially expand TILs from enzymatic digests of tumors yielding cell suspensions have further improved the initial pre-REP TIL expansion success rates to greater than 80%. 7, 26, 75 Thus, it should be possible to attempt clinical trials using an intent-to-treat approach at calculating clinical response in the future.
TIL THERAPY FOR MELANOMA AND T-CELL BIOLOGY: DEFINING AND OPTIMIZING ACTIVE T-CELL SUBSETS What Subset of T Cells Mediates Tumor Regression?
The findings from the melanoma ACT trials by Besser et al, 7 as well as the one at the MD Anderson Cancer Center, 9 have revealed a positive correlation between a higher number of infused CD8+ TILs and positive clinical response in a majority of stage IIIC/IV metastatic melanoma patients. The clinical data from NCI, however, were less conclusive. 8,25,75 CD8+ cytotoxic T lymphocyte (CTL) are critical effector cells in antitumor responses and are known to mediate the antigen-specific cytolysis of tumor cells through the action of granzymes (eg, granzyme B), which are serine proteases that cleave at aspartate residues in the substrate, and perforin. 78, 79 Perforin forms pores in the plasma membrane of target cells, which allows granzymes to enter the target cell, which activate caspases (eg, caspase 3) and eventually lead to apoptosis in the target tumor cells. 78 The FasYFas ligand interaction may also be important for the tumor cell killing, 80 although the extent this pathway contributes to tumor killing is not known. Although CD8+ T cells are merging to be the dominant cell type active in TIL adoptive cell therapy, CD4+ T cells cannot simply be dismissed. We and others have consistently found that a minority of patients who have a CD4+ T cellYdominated TIL product for adoptive transfer (about 8%Y10%) nevertheless undergo dramatic clinical responses and even complete remission of all their tumors 81, 82 (Radvanyi et al., unpublished data) . However, in the majority of cases, a CD4+ T-cell dominated TIL product is a harbinger of bad news. Thus, a critical question that has emerged is what is special about the CD4+ T cells in the TILs in these few responding patients? CD4+ T cells are known to play a central role in orchestrating many elements of the adaptive immunity. 83 They participate not only priming CD8+ T cells but can also induce tumor eradication by a number of direct and indirect mechanisms through direct killing of MHC class II+ tumor cells, the activation dendritic cells cross-presenting TAAs, the activation of tumor cytotoxic macrophages and eosinophil, and supporting the survival of transferred CD8+ CTL via lymphokines. 84 CD4+ T cells in some healthy donors have been reported to also express cytolytic molecules typically associated with CD8+ CTL, such as granzyme B and perforin, upon chronic viral infections. 85 Recent data suggest that indeed a possible pathway of differentiation of a subset of CD4+ T cells into highly tumor cytolytic cells expressing the transcription factor eomesodermin (Eomes) that drives granzyme and perforin expression. 10, 86 It is possible that such a subset of ''cytotoxic'' CD4+ T cells may exist in the TILs of some patients. 86 Moreover, costimulation through CD134 and CD137 may help drive the expansion of these Eomes+ ''killer'' CD4+ T cells against tumor targets. 86 Although CD8+ and CD4+ >A TCR+ T cells are the dominant types of lymphocytes in expanded TILs used for therapy, other minor subpopulations of lymphocytes are present to varying degrees, including NK (CD8+CD56+ and CD16+ cells) and innate-type T cells expressing the FC TCR. 87Y90 In fact, NK cells usually expand along with T cells with IL-2 alone during the initial stages of TIL expansion but are then mostly lost during the REP because of the conditions used that greatly favor T-cell activation (anti-CD3 stimulation). It would be interesting to develop improved methods for NK cell expansion from TILs and test whether NK cellYenriched cell therapy products would have some activity in melanoma or can be used as synergistic cell therapy products with T-cellYenriched TIL products. A similar question exists for the role of FC T cells, as these cells can be powerful cytolytic cells against tumors recognizing MHCunrestricted cell surface entities such as phosphoantigens and NK cell receptor ligands such as MICA and MICB. 91 Relationship Between CD8+ T Cell Differentiation and Clinical Response CD8+ T cells have been the subject of the most intense research in melanoma ACT. A matter of controversy has been which differentiation stage of CD8+ T cells contributes more to the immediate tumor killing as well as the long-term control of tumor growth. Figure 2 summarizes the key cell surface and intracellular phenotypic markers of the different stages of CD8+ T-cell differentiation found in melanoma TILs. 92Y94 The majority of melanoma CD8+ T cells in TILs are less differentiated effector-memory (T EM ), more differentiated CD8+ effector (T EFF ) cells, and terminally differentiated effector cells (T TDE ). CD8+ T EM cells are capable of proliferation, have longer telomere length, and have some capacity for self-renewal. 92Y94 However, they have a limited capacity as cytolytic effector cells, as they express granzymes, but little or no perforin and other critical killing proteins, such as granulysin. 95 On the other hand, more differentiated CD8+ effector (T EFF ) cells and terminally differentiated CD8+ CTL (T TDE ), which express much higher amounts of granzymes and perforin, have been reported as the most potent cells for overcoming CTL resistance mechanisms and inducing effective cytotoxic killing of tumor cells. 96Y99 However, these CD8+ T cells have shorter telomeres and less T-cell costimulatory molecules causing them to be less able to undergo cell division following TCR stimulation than T EM cells. 100 They are also more sensitive to activation-induced cell death and cannot traffic to lymph nodes, and it is doubtful that they mediate long-term memory response against tumors during ACT. Only very few central memory CD8+ T cells (T CM ) are found TILs, especially after the extensive expansion used to generate TIL infusion products. CD8+ T CM can traffic to lymph nodes, where they may encounter activated APCs (eg, dendritic cells) presenting TAAs either derived from vaccination with TAAs or released de novo from tumors. 101 Although melanoma TAA-specific T CM have been shown in mouse models to be superior T cells for ACT, it must be noted that this occurs only when a concurrent cancer vaccine with the specific TAAs is given following cell transfer. 101 Thus, T CM may not be useful for ACT without concurrent vaccination with TAAs because they have limited tissue/tumor homing ability and no anti-tumor effector activity unless restimulated by mature APCs.
Currently, relatively little is known on what states of CD8+ T-cell differentiation in transferred TILs are optimal in ACT FIGURE 2. Stages of CD8+ T-cell differentiation found in melanoma CD8+ T cells in TILs and phenotypic markers assessed by flow cytometry used to delineate these stages. CD8+ T cells in TILs can be found having markers of central memory (T CM ), effector-memory (T EM ), effector (T EFF ), or terminally differentiated effector (T TDE ) stages. These stages and markers are based on previous work on antiviral CD8+ T-cell response and the states of CTL differentiation associated with the control of both acute and chronic viral infections in humans. These markers are only a guide to identify these functional memory or effector stages and may not always fit into these defined categories. In addition, the expression of these subset markers may be transiently down-modulated, permanently lost, or re-expressed under different cytokines or in different tissue niches in vivo. Nevertheless, understanding the changes in these effector and memory markers in TILs is very useful in biomarker studies to identify clinically active T-cell subsets. Melanoma TILs expanded for therapy are a mixture of mostly T EM , T EFF , and T TDE (that have lost CD28 expression). Relatively very few T CM are found (G5%). Initially, NK cells are found in initial TIL expansions (pre-REP), but these are lost after the REP, which selectively activates the T cells. GB indicates granzyme B; Perf, perforin. for melanoma. One of the confounding problems in the field is that the markers used to define T EM and T EFF and T TDE in vitro after long-term expansion or ex vivo after short-term culture may not reflect the true memory and proliferative capacity of the cells in vivo, and moreover, these markers can be reexpressed or lost under different cytokine conditions in the context of TCR restimulation. 81, 102 Nevertheless, these current differentiation/ memory markers have been used in an attempt to gain an understanding into this question, but the data have been inconsistent and confusing. For example, clinical trials at the NCI have suggested that less differentiated T EM cells expressing CD27 are associated with clinical response to TIL therapy. 20, 102 These studies, however, show a positive correlation of this parameter only when expressed as total CD8+CD27+ infused, but not as a percentage of the CD8+ T cells infused. 20, 102 Thus, higher numbers of CD8+ T cells infused may account for this correlation. In addition, earlier data from TIL-treated patients associated TIL persistence in vivo with clinical response, and the CD8+ T cells found to correlate with this longer persistence expressed CD28 and not CD27. 63, 103, 104 This is inconsistent with the role of CD27+ cells mediating the response. To confuse matters more, in an ongoing TIL therapy clinical trial at MD Anderson Cancer Center in which we have treated over 40 patients, we have found that more differentiated CD8+CD27 j T cells (T EFF , as shown in Fig. 2 ) were highly correlated with objective clinical response to TILs, whereas the correlation with CD8+ T EM did not reach statistical significance 9 (Radvanyi et al., unpublished data). These contrasting results indicate that further studies with the existing markers as well as newer differentiation markers (such as differential chemokine receptor expression), 105 together with functional studies, and comprehensive tracking of the original T EM , T EFF , and T CM clonotypes using TCR VA CDR3 region sequencing in adoptively transferred TILs persisting in vivo will be needed to resolve this issue. An alternative approach in thinking of this problem about what states of CD8+ T-cell differentiation are critical is a nonmutually exclusive view that hypothesizes that a cooperation between different CD8+ memory and effector subsets, as defined in Figure 2 , is needed to reach the full potential of TIL therapy for melanoma. Thus, one way to reconcile the data so far on CD8+ T-cell states in TILs related to clinical response is that cooperation between T EM and T EFF CD8+ TILs is needed for maximal and durable tumor control. According to this view, T EFF cells, which highly express granzymes and perforin, yet are shorterlived, provide immediate control of tumor growth, whereas ''younger'' and less-differentiated T EM cells, having the capacity to divide and replenish a pool of T EFF after adoptive transfer, maintain more long-term tumor control. This model, illustrated in Figure 3 , opens up a new conceptual framework for TIL therapy that, if proven correct, suggests that adoptively transferring different types of TIL products enriched in CD8+ T cells with appropriate effector and memory phenotype at different times into patients may be a new and exciting approach for melanoma ACT.
Consequences of TIL Expansion Needed for Therapy: Loss of Critical Costimulatory Molecules and Loss of Proliferative Capacity
As mentioned in the above discussion, one of the key problems that may limit tumor regression and long-term durable clinical responses in ACT is the persistence of TILs following infusion. 63, 104 Long-term TIL persistence has been correlated with accumulation in vivo of T cells from the infused TIL population having a T EM phenotype, characterized by the expression (or reexpression) of CD27 and CD28. 63 However, the factors regulating or facilitating TIL survival and persistence are not known. The current approach for ACT in melanoma involves a secondary expansion step in which TIL numbers are increased by 1000-to 3000-fold a REP 19, 56 (Fig. 1) . The REP not only expands TILs (up to 100 billion or more), but also drives further T-cell differentiation and phenotypic changes that can affect the survival and proliferative capacity of T cells in vivo shortly after infusion. 38, 56 This extensive cell division process, together with the types of cytokines (IL-2) and signaling pathways used to drive proliferation, also largely determines the states of CD8+ and CD4+ T-cell differentiation (T EM , T EFF , T TDE , and T CM ) found at the end of the process.
We previously reported that post-REP CD8+ TILs were hyporesponsive to melanoma antigen restimulation, as shown by resistance to proliferation and increased apoptosis. 56 We found that this hyporesponsiveness was associated with a profound loss of CD28 in many in post-REP CD8+ T cells relative to the pre-REP TILs, whereas CD27 levels were unaffected. 55, 56 A permanent loss of CD28 in CD8+ T cells in humans is a key factor leading to T-cell senescence during aging. 106Y109 Thus, it is possible that many of the TAA-specific CD8+ T cells are driven to senescence during the REP. In support of this concept, we found that, in the MART-1/Melan-AYspecific CD8+ T-cell population in post-REP TILs, only the few remaining FIGURE 3 . Model for how CD8+ T cells at different stages of CTL differentiation can synergize or cooperate in controlling tumors following TIL adoptive transfer into patients. The model reconciles a number of contrasting results on phenotypic analysis on TIL subsets and their correlation with clinical response from a number of groups. It proposes that T EM , T EFF , and T TDE may all ultimately play a critical role in adoptive cell therapy at different times to control tumor growth. The TILs need to become cytolytic effector cells to kill tumor cells requiring differentiation into T EFF and T TDE cells. However, T EM cells are long-lived but have little cytolytic potential. The T EFF and T TDE (more oligoclonal) may rapidly home into tumors and orchestrate an early wave of tumor killing. These cells are relatively short-lived and can be replaced by T EM (more polyclonal) that have a higher intrinsic proliferative capacity and can differentiate later into T EFF and T TDE and mediate later waves of tumor killing. In addition to T EM and T EFF /T TDE cells, endogenous T cells reemerging in the patients after recovery from the transient lymphodepletion may also play a role at these later times by recognizing tumor antigens initially released from earlier waves of tumor killing. Overall, this model explains data on TCR clonotype analysis during TIL therapy, where different clonotypes that predominate in the infused decrease and other less frequent clonotypes increase, whereas other clonotypes are lost altogether to be replaced by TCR clonotypes later on that were not detected in the infused TILs (Radvanyi et al., unpublished data).
CD28+ T cells retained proliferative capacity in response to
MART-1/Melan-A peptide restimulation. 56 This is in line with data from ACT patients showing that CD28+ T cells in the adoptively transferred TILs persisting longer in vivo. 81 We speculate that the reason for the loss of CD28 on a majority of CD8+ TILs is the continued exposure of the T cell TILs to IL-2, a cytokine that is known to simultaneously promote T-cell proliferation and differentiation. 110 In addition, proinflammatory cytokines, such as tumor necrosis factor >, that are induced during the REP induce a loss of CD28 gene expression. 111 Another consequence from the repeated cell division and TCR stimulation occurring during TIL expansion is the chronic upregulation of negative T-cell costimulatory molecules, such as PD-1. 112 Programmed death 1 signaling inhibits T-cell activation and proliferation and can facilitate T-cell apoptosis. 113 The role of PD-1 signaling during TIL therapy for melanoma and whether expression of PD-1 on CD8+ TILs makes any difference, however, still need to be investigated, especially because the frequency of TAA-specific T cells may be higher in the CD8+ PD-1+ subset. 114 
Can TIL Expansion Methods Be Improved to Yield a Better Balance of Effector and Memory T Cells?
The induction of terminally differentiated T-cell phenotyes, coupled with the loss of proliferative capacity, during current TIL expansion protocols has caused us to rethink the way we grow TILs by developing approaches that generate T cells with the right balance or effector and memory properties to improve therapeutic efficacy. There is a need to develop new culture and T-cell selection conditions that allow for attributes of memory T cells for persistence (T EM /T CM characteristics with CD28 and CD27 expression) together with cytotoxic T-cell capacity or the ability to readily differentiate into more active cytolytic cells.
''Young TILs''
Recently, one approach that has been developed in an effort to speed up the process and avoid terminal differentiation of T cells is to limit the time TILs are initially expanded from excised tumors with high-dose IL-2. Usually it takes between 4 and 5 weeks to expand enough TILs from tumor fragments (about 50 million) with IL-2 to proceed with the next step of culture, which is the REP generating the final TIL infusion product. 38, 58 The new approach, called ''young TILs,'' reduces this initial expansion period in IL-2 down to a few weeks before the cells are subjected to the REP. 26, 73, 115 In the young TIL protocol, TILs are immediately isolated by enzymatic digestion of tumors and expanded rather than having to wait for them to migrate out of tumor fragments in culture. This results in more TILs being immediately accessible for expansion and a shorter time needed to reach minimal numbers needed for the REP as well as higher success rates (980%) in reaching these minimal cell numbers needed from accrued patients. 7, 26, 73 The ''minimally cultured'' TILs have been reported to have longer telomeres and express higher levels of CD27 and CD28 compared with TILs expanded from fragments. 115 Clinical trial results with this young TIL approach have been promising, but clinical response rates (around 50%) have not improved over the previous longerterm culture methods. 7, 26, 73 Thus, additional factors seem to be involved that need to be addressed to further improve response rates.
Alternative Cytokines for TIL Expansion Besides IL-2
For the ACT to achieve its highest possible efficacy against melanoma, we believe new approaches must both maintain the T EM features of CD8+ TILs and expand more differentiated cytolytic T EFF cells that express high levels of granzymes and perforin, as depicted in our model in Figure 3 . Another approach to reaching this optimal balance between T EM and T EFF is the use of alternative cytokine combinations without IL-2 or with lower levels of IL-2 to drive TIL expansion. In this regard, a number of cytokines, such as IL-15 and IL-21, have been found to drive CD8+ T-cell proliferation and effector function, yet better maintain their memory properties. 56, 116, 117 This is based on work in murine models showing that these cytokines helped maintain CD28 expression and prevented the premature terminal differentiation (T TDE phenotype in Fig. 2 ) of T cells after antigenic stimulation of CD8+ T cells in vivo. 110 We and others have reported a synergy between IL-21 and IL-15, where IL-15 promotes TIL proliferation, whereas IL-21 maintains the memory features of CD8+ TILs by promoting continued CD28 expression. 56, 117, 118 Therefore, rapid expansion of TILs using IL-15 together with IL-21 may be a new approach to create an optimal TIL product.
Other approaches suggested by others include using transforming growth factor A (TGF-A), which has been shown to augment the expansion of CD8+ T cells during the REP and may preserve memory functioning 119 or activators of Wnt/A-catenin signaling pathway (eg, Wnt-3A, or pharmacological inhibitor of GSK-3A [glycogen synthase kinase 3A], such as lithium chloride) to arrest CD8+ differentiation during the REP. 120, 121 Interleukin 21 was also reported to have Wnt-like effect in maintaining memory features of CD8+ T cells. 116, 122 Although TGF-A has a beneficial effect of improve CD8 : CD4 ratio in the final REP product, the major concern with it is that it is a potently immunosuppressive cytokine that also suppresses granzyme and perforin expression in CD8+ T cells. 123, 124 Although the Wnt pathway agonists enhance the memory features and survival mechanisms of the CD8+ T cells from peripheral blood and tumor environment, they unfortunately do not facilitate T-cell expansion to the same extent as seen in the conventional IL-2Ybased REP (M.-A. Forget et al., unpublished data). It is possible that fewer cells with more T CM or long-term surviving T EM can be active, but in context of a patient with rapidly progressing tumors and high tumor burden receiving TILs, high numbers of more differentiated T EFF and T DE cells would also be needed. One idea to get out of these conundrums is to generate ''split'' cell products using different protocols for rapid expansion from the TILs initially expanded from tumors. For example, one set of TILs would undergo rapid expansion (REP) using the traditional IL-2Ybased protocol used currently (Fig. 1) , whereas the other part of the original TIL culture would be expanded with Wnt pathway agonist, Wnt-3A, 120 or with IL-15 plus IL-21 56 or other factors that enhance memory T-cell expansion without inducing effector cell differentiation. At the end of expansion, the TIL product from those 2 REP conditions would be pooled together and infused into the same patient, who would then receive sufficient number of CD8+ TILs that have both T EM and T EFF populations, based on our model of cooperation between these 2 subsets in short-and long-term control of tumor growth.
Furthermore, manipulating critical costimulatory pathways, especially through TNF receptor (TNF-R) family members that operate largely on T EM , T EFF , and T TDE populations may be an additional mechanism to generating improved TIL products for infusion. One potential pathway to target in this respect is CD137, highly induced on CD8+ T cells after TCR stimulation. 55, 125 Moreover, CD137 can still be induced even in CD8+ TILs that have lost CD28 expression after TCR stimulation and can mediate potent costimulatory signals in these cells, protecting them from activation-induced cell death 55, 126 Enhancing costimulation through CD137 during TIL expansion, especially during the REP, may be beneficial. This can be done by providing agonistic monoclonal antibodies to the culture or using APCs that express the ligand for CD137. Indeed, we have found that addition of a fully human agonistic anti-CD137 monoclonal antibody at the beginning of the REP preserved CD28 expression while enhancing granzyme B and perforin expression in CD8+ TILs. 55 Additional costimulation via CD134/OX40 may also be beneficial based on provocative work in mouse models, showing that synergistic activation of CD137 and CD134 promoted the accumulation of ''supereffector'' CD8+ T cells expressing highly cytolytic features yet expressed the IL-7 receptor and were capable of long-term survival in response to IL-7. 127 The effects of these TNF-R family members on preserving telomere length in TILs should also be determined, given the demonstrated role of these pathways in inducing telomerase in activated T cells. 128 Thus, it will be of immense interest for the ACT field to manipulate these TNF-R pathway members to generate more highly cytotoxic anti-tumor T cells that can also persist long term in patients by maintaining CD28 and turning on homeostatic cytokine signaling pathways such as IL-7.
Artificial APCs to Provide TCR Stimulation With the Right Balance of Costimulation and Cytokines for TIL Expansion
Another way to improve TIL culture and generate more favorable T-cell phenotypes for transfer currently being investigated is the use of aAPCs expressing defined costimulatory and cytokine molecules. These aAPCs are also a good alternative to the ''feeder problem'' in TIL expansion, where high numbers of either autologous or allogeneic normal donor PBMCs (at least a 100 : 1 ratio of PBMCs to TILs) are needed to facilitate TIL expansion using anti-CD3 and IL-2 in the REP. 54 These feeder products require patient or normal donor leukapheresis and pooling of more than 1 product to ensure that adequate numbers of PBMCs with optimal activity are obtained. This not only has logistical problems, but is also expensive.
Currently, the most popular aAPCs are based on the human K562 erythroleukemia cell line that by itself lacks endogenous MHC class I (HLA-A and HLA-B) expression. 41, 129 It has been classically used as an NK cell target in assays, but because of the robustness of these cells in culture and the ease with which they can be genetically manipulated while maintaining a stable phenotype in culture, K562 cells have been adopted as viable alternative to PBMC feeders and other APCs, such as Epstein-Barr virusYtransduced B cells, for T-cell activation and expansion protocols. Different forms of the K562 aAPCs have now been engineered that stably express costimulatory molecules, such as CD86, CD137L, or CD83. 41,129Y131 Clinical-grade modified K562 have already been generated and used to expand MART-1Yspecific CD8+ T cells in a recent ACT clinical trial that showed some reasonable degree of efficacy. 32, 42 The CD8+ T cells showed long-term persistence and memory phenotype after transfer. 32, 42 Modified K562 have also been used to generate long-lived multiple TAA-specific CD4+ T cells. 132, 133 The use of K562 for initial growth of melanoma TILs (pre-REP) was also recently exploited and was reported to skew TIL phenotype to a lesser differentiated state, with expression of CD27, CD28, and CD62L. 134, 135 K562 aAPCs expressing CD64 (highaffinity Fc receptor), CD86, and CD137 ligand (4-1BB ligand) have been tested recently the TIL REP protocol. However, they did not quite succeed in generating an equivalent fold expansion as the traditional REP with PBMC feeder cells. 134 This could represent a challenge in the context of expanding enough TILs for transfer, suggesting that improved methods using aAPCs or different forms of aAPCs may be needed to maximize TIL expansion. One approach that is being investigated is to mix K562 aAPCs with smaller numbers of PBMC feeder cells in the REP, thereby reducing the need for these expensive PBMC feeder products. One clear advantage that aAPCs may have, however, especially given the provision of potent CD137 costimulation through the expression of CD137 ligand is that they have been found to favor the activation and expansion CD8+ T cells in TILs that have been correlated with objective clinical responses. 9, 26, 55 The K562 aAPCs can also be engineered to express other costimulatory molecules and either secreted or membrane-bound (cell surface) cytokines, such as IL-15, IL-7, IL-12, and IL-21, to provide an optimal blend of costimulaory and cytokine signals for TIL expansion. These results open the path toward exploiting aAPCs as a replacement for feeder and as tools to manipulate TIL phenotype.
Other Improvements to TIL Therapy: Combination Therapies and Genetically Modified TILs to Improve Persistence and Anti-Tumor Activity In Vivo
Combination Therapies/Immunomodulators
Although ACT using autologous TILs has proven itself as one of the most efficacious treatments for metastatic melanoma to date, 20 the current regimens have reached a plateau in terms of clinical response rates (about 50% with the cyclophosphamide plus fludarabine). 20 Although a combination of TBI together cyclophosphamide plus fludarabine as a preconditioning regimen has increased response rates further, 20,25 this approach is too toxic and requires a stem cell backup each time, precluding its widespread application. Alternatively, it is still possible to further increase clinical response rate of ACT by combining it with other types of available therapies for metastatic melanoma. One potential avenue is in combining TIL therapy with B-RAF inhibitors, such as the recently FDA-approved drug vemurafenib (Zelboraf ). 136, 137 The rationale behind such combination lies in the idea that as melanoma cells experience apoptosis associated with inactivation of an oncogene such as mutated V600E B-RAF, they release TAAs, such as tissue differentiation antigens, cancer/testis antigens, or products of mutated genes expressed by the transformed cells. 14 Other potentially immune activating signals released by apoptotic tumor cells include calreticulin, the S100 family of proteins, and the high mobility group box 1 protein, which are released by tumor cells undergoing secondary necrosis. 12, 17 The consequent activation of APCs and antigen presentation could further stimulate adoptively transferred TILs. Thus, the administration of adoptively transferred TILs in combination with B-RAF inhibitor will likely synergistically enhance the efficacies of both immunotherapy and oncogene-targeted therapy. Importantly, we and others have found that vemurafenib showed no adverse impact on T-cell function in vitro and in vivo 14 (Hong et al., unpublished data). However, the combination of TIL therapy with MEK inhibitors may not be optimal as others have found that such targeted agents negatively impact T-cell functions. 14 As targeted therapy for melanoma does not usually lead to a durable clinical response because of the emergence of drug-resistant clones, it remains an exciting possibility whether combining it with TIL therapy will ameliorate such shortcomings by inducing a longterm, polyclonal T-cell response against tumors via antigen spreading. Based on the pioneering work of Zitvogel et al 12 on ''immunogenic chemotherapy'' with agents such as oxaloplatin, in which tumor immunogenicity is enhanced following chemotherapy-induced apoptosis or necrosis of tumor cells, there is now also a strong rationale for combining TIL therapy with these select chemotherapeutic agents, although the effect of a specific chemotherapeutic agent on T-cell functions will need to be determined before attempting such combinations.
Enhancing TIL Function In Vivo
Another avenue to improving TIL therapy for melanoma is by directly enhancing TIL function in vivo. Combining TIL therapy with blocking antibodies in vivo against negative costimulatory molecules, such as PD-1, 138 which can be highly expressed on TAA-specific T cells, represents a promising approach. One of the ligands for PD-1, B7-H1, is frequently expressed on melanoma cells, resulting in tumor-induced immune suppression that has been correlated to poor clinical outcome. 113,139Y141 Programmed death 1 is highly expressed on endogenous melanoma antigen-specific T cells, can be found on T cells induced by melanoma peptide vaccination, and is also found at high levels on TILs from melanoma patients. 141 A blocking antibody against PD-1, MDX-1106 (Bristol Myers Squibb), is a fully humanized IgG 4 antibody and has been tested in a phase I dose escalation trial of 39 patients with solid tumors, including those with metastatic melanoma. 10, 141 A high clinical response rate with little toxicity was found; this has now led to ongoing phase II clinical trials as a single agent. 10 However, with TIL therapy showing a high rate of effectiveness and the constitutive expression of PD-1 on many TAA-reactive TILs, especially CD8+ T cells, a combination therapy of TILs plus antiYPD-1 may be synergistic. In this regard, we have found that antiYPD-1 blockade in vitro significantly enhanced the proliferation of melanoma tumor antigenYspecific CD8+ TILs when restimulated with their cognate antigen (Radvanyi et al., unpublished data) . Combination therapy with antiYCTLA-4 (ipilimumab) may also be option. In contrast, augmenting positive T-cell costimulatory pathways, especially through TNF-R family members, such as CD137 and CD134 using agonistic antibodies or fusion proteins of their ligands, is another approach. These agents can be infused into patients following TIL adoptive transfer or can also be used in vitro during TIL expansion to augment costimulatory pathways and generate T cells with improved effector and memory properties. CD137 costimulation especially has emerged to be a powerful costimulatory pathway in maintaining the survival of transferred T cells in vivo. 55, 126 For example, in recent landmark clinical trial using CAR-transduced T cells recognizing CD19 in patients with chronic lymphocytic leukemia, inclusion of a CD137 signaling endodomain was found to be critical in maintaining T-cell persistence and anti-tumor cell activity. 23 
Genetic Modification of TILs by Viral Transduction

Improving TIL Migration Into Tumors
One of the most important aspects of immunotherapy is whether TAA-specific T cells actually migrate into the tumor site. Early studies of TILs labeled with indium 111 found that many intravenously infused T cells can indeed traffic to tumor sites in the majority of patients (81%), but this represented only a fraction of the infused cells. 142, 143 Thus, getting more of the infused cells to home to tumor sites is still a critical problem. One possible way to solve this issue is to make use of T-cell chemotactic molecules (chemokines) produced by tumor cells and tumor-associated stromal cells to enhance TIL migration into the tumor site. For example, the chemokine CXCL1 is produced by a large proportion of melanomas, but its receptor, CXCR2, is not usually expressed by T cells. 144 Our group has investigated the possibility of exploiting this as a way of improving T-cell homing into melanoma tumors. In a murine melanoma tumor model, adoptively transferred TCR transgenic T cells recognizing gp100 (pmel T cells) exhibited a much higher level of migration toward CXCL1-expressing gp100+ tumor cells both in vitro and in vivo after genetically modifying them to express CXCR2 constitutively. 145 We are currently in the process of testing this new approach in an upcoming TIL therapy trial clinical trial at MD Anderson Cancer Center. Effector T cells generally express lower levels of different tissue/tumor-homing chemokine receptors, such as CCR2, CCR4, and CCR5, than myeloid cells and regulatory T cells. 146 Genetically modifying TILs to express higher levels of these chemokine receptors to increase avidity and facilitate improved migration into tumors could be another approach. An elegant study recently found that a key chemokine inducing CD8+ T-cell migration into the core of tumors, CCL2, can be highly nitrotyrosinylated due to the accumulation of reactive nitrogen species in tumors. 146 This decreased the affinity and avidity of binding to CCR2 on T cells, while not affecting binding to myeloid cells that express much higher levels of CCR2. Thus, enhancing CCR2 expression in T cells using gene transduction may be a good approach to overcome this problem.
Improving TIL Survival and Function In Vivo by Gene Transduction
Transforming growth factor A is an immunosuppressive cytokine that is produced by about 50% of melanomas. 147 Transforming growth factor A is known to repress the expression of factors in CD8+ T cells, such as interferon F (IFN-F), granzyme A, granzyme B, perforin, and FasL, which are important for tumor killing. 123 T cells transduced with a gene encoding a dominant-negative form of the TGF-A receptor have increased resistance to TGF-AYmediated inhibition, as shown by their ability to continue to proliferate and secrete cytokines in response to antigen in the presence of TGF-A. 148 Another approach to this problem has been to modify the T cells to produce the cytokine IL-12, which also yields resistance to TGF-A and promotes IFN-F production by T cells. 149 Recently, Zhang et al 150 developed a new approach in which T cells from peripheral blood expressing a TCR recognizing gp100 were transduced with an inducible IL-12 vector under the control of NFAT (nuclear factor of activated T cells) promoter. In this approach, T cells induce expression of the IL-12 gene only upon TCR triggering by the tumor antigen. They were able to demonstrate regression of murine B16 melanoma upon adoptive transfer of such genetically modified pmel transgenic T cells without the toxicity that systemic administration of IL-12 can induce. 150 Direct genetic manipulation of the cellular apoptotic machinery is also being investigated to increase T-cell survival after adoptive transfer of TILs. Overexpression of either of the antiapoptotic molecules B-cell lymphoma 2, bcl-2, 151, 152 or bcl-x L 153 has been found to increase survival of activated T cells in vitro and improve anti-tumor efficacy in vivo. Other possibilities to improve TIL survival and persistence after adoptive transfer include transduction of CD28 or CD137 ligand genes into the expanding T cells to prevent loss of CD28 and maintain responsiveness to antigenic restimulation and provide direct CD137 costimulation between T cells. The otherwise senescent T cells that are transduced with CD28 may be able to up-regulate telomerase activity to improve their proliferative potential. 109 Furthermore, T cells stimulated with aAPCs expressing CD137 ligand can provide costimulation and survival signal to T cells and maintain CD28 expression. 134, 154 Surrogate and Predictive Biomarkers in TIL Therapy: Can We Select Patients for TIL Therapy?
In our push to develop ''personalized'' treatment options for our patients, another critical issue facing TIL therapy, as well as other forms of immunotherapies and targeted therapies, is improved patient selection. Despite the promising results obtained with TIL therapy, the current accepted therapy regimen using the cyclophosphamide and fludarabine preconditioning seems to have reached a peak, not being able to push past the 50% response rate barrier. The combined myeloablative preconditioning using TBI together with chemotherapy-based lymphodepletion has resulted in increased response rates; as pointed out earlier, this regimen is considered much too toxic. Even if this alternative preconditioning regimen with TBI could be considered, we are still plagued by the fact that overall TIL therapy is still a complex and lengthy procedure requiring 5 to 7 weeks for expansion of T cells to sufficient numbers (billions) for therapy and that TILs from some patients fail to expand to sufficient numbers. The lengthy wait time has resulted in a significant fraction of would-be-treated patients falling out because of rapid disease progression and other clinical issues related to a decrease in overall performance status or simply anxiety and determination to start or continue on therapy without having to wait all this time. Other options, such as B-RAF inhibitor drug therapy and ipilimumab for eligible patients, have become an option, 2,136 but many patients considered for TIL therapy may have previously failed these and other regimens and have exhausted most of other treatment options.
These critical issues point to a need to identify patients who will respond to TILs that can be used as a selection tool. The rational integration of biomarkers in selecting patients for TIL therapy would be a huge step in catapulting TIL therapy into the mainstream as a treatment option much earlier, especially considering the growing widespread use of B-RAF and other mitogen-activated protein kinase pathway inhibitors, ipilimumab, and the upcoming clinical development of antiYPD-1Yblocking therapies. As pointed out earlier, currently we still know relatively little about the types of T cells in TIL-mediating tumor regression, and there are no reliable biomarkers to select melanoma patients for TIL therapy and other forms of ACT. Whether a patient responds to TIL therapy, as well as other immunotherapies, such as IL-2 and ipilimumab, ultimately involves an array of factors that include the tumor microenvironment regulating the interplay between the infused T cells, systemic inflammatory factors in cancer patients, and the genetic makeup of the individual (eg, polymorphisms in genes regulating the immune response) that may ''hardwire'' the way the immune system responds to challenges such as infection and cancer. Studies on biomarkers in immunotherapy will need to rationally combine these different interacting host features to develop assays predictive of response.
So far, major clinical features of the patients, including age, sex, site of disease, substage of metastatic disease (III, IV-M1b, M1b, M1c), and tumor burden at time of TIL transfer, as well as type of prior therapy, have not been found to be predictive of clinical response to TIL therapy 20, 75 (Radvanyi et al., unpublished data) . In addition, a number of TIL clinical trials have not been able to correlate the degree of tumor reactivity of TILs against autologous or HLA-matched melanoma cell lines in vitro early in the expansion process with clinical response using traditional approaches such as IFN-F secretion assays. 7, 20, 75 Thus, assays anti-tumor reactivity in vitro may not be a good biomarker approach. Although this may reflect the shortcoming of our assays, it also suggests that ultimately a number of T-cell phenotypic and host features may override TIL antigen specificity. In addition, mutational status (B-RAF, N-RAS, or wild type) has not correlated to TIL therapy clinical response (Radvanyi et al., unpublished data) . Thus, other immune and molecular parameters need to be identified as surrogate markers of clinical response to TIL therapy and as predictive markers to preselect patients for TIL therapy. These markers can be derived from a number of other sources that more subtly reflect tumor progression, immunoreactivity against the tumor, and other inflammatory and immunosuppressive risk factors. A plausible conceptual framework that can be used to drive a search for biomarkers for TIL therapy is that both the functional attributes of the TILs, as measured by specific T-cell phenotypic features, together with specific immunosuppressive features in the tumor microenvironment and the systemic inflammatory environment in patients all interact to determine the outcome of TIL therapy. Specific analytes in TILs, blood, and tumor samples from patients that measure these relative states have already been identified individually as prognostic factors in melanoma and surrogate biomarkers in TIL therapy. These include flow cytometry markers for T-cell subsets and states of T-cell differentiation in infused TILs (eg, CD8+ vs CD4+ T cells and effector-memory states), intratumoral biomarkers by immunohistochemistry for T-cell infiltration and subsets and immunosuppressive molecules and cells (eg, macrophages, neutrophils, inducible nitric oxide synthase, PD-L1/ B7H1, and activated STAT3), systemic markers of ''bad'' inflammation (eg, high IL-12p40, CRP, and IFN-F), and tumor progression (vascular endothelial growth factor, LDH, S100 proteins) that drive tumor growth. 146 ,155Y160 This approach is not a ''one-size-fits-all'' scenario, but rather that a combination of biomarkers in a ''fingerprint'' established before patient treatment may predict responders from nonresponders.
One place to start is to look at T-cell subsets during TIL expansion and whether the types and numbers of T cells able to be expanded ex vivo can be predicted by looking at samples of the tumors used to expand TILs. This would include looking at the degree of CD8+ and CD4+ T-cell infiltration (intratumoral and peritumoral) in relation to immunomodulatory factors such as PD-1 and PD-L1 expression. In TIL therapy trials at MD Anderson Cancer Center, we have found that a higher frequency and number of infused CD8+ T cells in TILs are highly correlated with clinical response. 9 Future studies are further dissecting the CD8+ subset to find more discrete subpopulations that are better associated with response. It would be important to determine whether specific tumor microenvironmental features (eg, degree of CD8+ infiltration) and/or systemic inflammatory features at the time of tumor harvest for TILs can ultimately predict whether these optimal T cells are expanded. This would need to be a critical first step in biomarker studies identifying a predictive fingerprint for patient selection.
TILs: Ready for Prime Time?
Given the weight of accumulating successful phase II clinical trials and improvements in our understanding of the T-cell subsets mediating tumor regression, together with technological improvements in more rapidly and efficiently expanding TILs, we would argue that the answer to the above question is a resounding yes. Indeed, TIL therapy has reached a tipping point, where we need to decide whether it should be integrated into mainstream melanoma care. The key next step will be to perform a series of pivotal nonrandomized phase II or randomized phase III clinical trials with the aim of regulatory approval as a treatment for metastatic melanoma. Recently, the National Institutes of Health in the United States has recognized this need and through the Cancer Therapy and Evaluation Program has convened a committee to summarize the current state of TIL therapy; identify the key clinical, technical, and regulatory issues to be resolved; and suggest different possible clinical trial designs aimed at finally gaining FDA approval of TIL therapy as standard of care. Key members of this Cancer Therapy and Evaluation Program committee recently summarized their findings and developed a roadmap to proceed. 84 This has sparked an increased interest in TIL therapy, and we expect that a pivotal clinical trial will be completed within the next 5 years that should answer the question once and for all.
A number of different clinical trial designs can be used toward FDA approval. The first one would be a nonrandomized phase II approach to gain more rapid approval through FDA 21CFR601 Subpart E guidelines; this would be followed immediately by a confirmatory phase III clinical trial. This clinical trial would probably need at least 100 to 120 patients and would need to demonstrate a clearly increased durable progression-free survival over a critical threshold over current therapies (these may include ipilimumab, IL-2, or B-RAF inhibitors in the case of mutant B-RAF melanoma patients). Patients failing these therapies would be accrued in an ''intent-to-treat'' scenario in which all patients would be included in the denominator (ie, whether or not they had successful TIL expansion from tumor samples and ultimately were treated with TILs). Such a design would also need to reach a critical clinical response rate (eg, 30%) based on immune-related response criteria or RECIST. 161Y163 A second possible design to obtain regulatory approval may be a phase III randomized clinical trial in which TILs are expanded from tumor fragments or digest and banked. Patients would then be randomized to receive either HD IL-2 alone (control arm) or TILs plus HD IL-2 (treatment arm). Those randomized to get TILs will have their cells rapidly expanded (REP) to generate an infusion product from the banked ''pre-REP'' cells and treated. Here, the denominator would take into consideration only those patients who had successful initial TIL outgrowth from their resected tumors. A clear progression-free survival endpoint would be used with possibly overall survival. However, a crossover design, with patients progressing on the control arm receiving TILs plus IL-2, would be the most appropriate strategy. The control arm in this trial could also be composed of patients receiving B-RAF inhibitor or ipilimumab with the same endpoints.
Whatever the design of future pivotal trials, we envision that TIL adoptive cell therapy has a bright future, especially with newer approaches that will couple it with synergistic drug therapies and immunomodulators boosting TAA release, T-cell persistence, and anti-tumor effector function. Although other potentially competing technologies have emerged, such as TCR transduction and CAR technology, at present these can target only a single TAA or a limited array of TAAs. Many TAAs are still unknown, and many more will be discovered as a result of full exome sequencing efforts that will reveal mutated self-proteins that are recognized by endogenous T cells residing in TIL populations. This ability to recognize a panoply of unknown TAAs (as well as major shared melanoma antigens such as MART-1) ultimately still places TILs at the top of pedestal in terms of T-cell therapy choices for melanoma. In fact, recent studies using large libraries of bar-coded peptide-loaded multimers covering a number of different shared TAA specificities on major HLA subtypes by Schumacher and Heemskerk et al in Holland have found that the majority of TIL specificities in the CD8+ subset are still unknown, likely composed of cells specific for mutated self-antigens. 40 Together with the development of new biomarkers for improved patient selection, TIL therapy has a very bright future indeed.
